Decoupling of transcription and translation during postmeiotic germ cell differentiation is critical for successful spermatogenesis. Here we establish that the interaction between microRNAs and actin-associated protein Arpc5 sets the stage for an elaborate translational control mechanism by facilitating the sequestration of germ cell mRNAs into translationally inert ribonucleoprotein particles until they are later translated. Our studies reveal that loss of microRNA-dependent regulation of Arpc5, which controls the distribution of germ cell mRNAs between translationally active and inactive pools, results in abnormal round spermatid differentiation and impaired fertility. Interestingly, Arpc5 functions as a broadly acting translational suppressor, as it inhibits translation initiation by blocking 80S formation and facilitates the transport of mRNAs to chromatoid/P bodies. These findings identify a unique role for actin-associated proteins in translational regulation, and suggest that mRNA-specific and general translational control mechanisms work in tandem to regulate critical germ cell differentiation events and diverse somatic cell functions.
Decoupling of transcription and translation during postmeiotic germ cell differentiation is critical for successful spermatogenesis.
Here we establish that the interaction between microRNAs and actin-associated protein Arpc5 sets the stage for an elaborate translational control mechanism by facilitating the sequestration of germ cell mRNAs into translationally inert ribonucleoprotein particles until they are later translated. Our studies reveal that loss of microRNA-dependent regulation of Arpc5, which controls the distribution of germ cell mRNAs between translationally active and inactive pools, results in abnormal round spermatid differentiation and impaired fertility. Interestingly, Arpc5 functions as a broadly acting translational suppressor, as it inhibits translation initiation by blocking 80S formation and facilitates the transport of mRNAs to chromatoid/P bodies. These findings identify a unique role for actin-associated proteins in translational regulation, and suggest that mRNA-specific and general translational control mechanisms work in tandem to regulate critical germ cell differentiation events and diverse somatic cell functions.
spermiogenesis | messenger ribonucleoprotein | Arp2/3 | processing body T he spatial and temporal control of protein synthesis in mammalian cells is ensured by checkpoints present at both the transcriptional and translational levels. This is particularly essential during postmeiotic male germ cell maturation, when transcription ceases and newly synthesized mRNAs are stored in translationally inert ribonucleoprotein complexes (mRNPs) (1, 2) . The sequestration of germ cell transcripts into mRNPs ensures that necessary mRNAs are synthesized before transcriptional arrest, whereas translation is delayed until protein expression is required. This dynamic translational regulatory mechanism facilitates timely expression of genes essential for proper germ cell differentiation and normal sperm development. For example, early or late expression of protamine in differentiating germ cells results in compromised chromatin integrity, leading to infertility (3, 4) . Although the translational regulation of individual genes has been well-documented (4), the mechanisms and factors that play critical roles in incorporating large numbers of mRNAs into mRNPs, and therefore comprehensive understanding of transcriptional/translational uncoupling during haploid germ cell maturation, remain elusive.
MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression by targeting mRNAs for translational repression and degradation. Studies in many organisms have established that miRNAs play important roles during normal development and differentiation in various tissues (5) . In addition to somatic cells, miRNAs have been reported to play an equally crucial role during germ cell development, as independent targeting of the miRNAprocessing enzyme Dicer resulted in impaired germ-line stem cell division and primordial germ cell development (6, 7).
In this study, we examined the role of miRNAs in translational repression during haploid male germ cell differentiation. We found that the loss of miRNA expression resulted in altered translational activation of germ cell transcripts, leading to impaired spermatid differentiation and compromised fertility. This is largely attributed to increased expression of actin-associated protein Arpc5 [a member of the Arp2/3 complex known to facilitate actin nucleation (8) ], which functions as a general translational suppressor. Our results indicate that miRNA-dependent expression of Arpc5 is critical for translational regulation during the haploid stages of spermatogenesis. These findings suggest that miRNA-mediated, mRNA-specific, and Arpc5-dependent broadly acting bimodal translational suppression mechanisms act in concert to regulate mRNP assembly and temporal expression of specific proteins in differentiating germ cells. Because a large number of all mRNAs (more than 70%) are associated with mRNP particles in adult male germ cells (9) , this study will likely have broader implications, as it will provide important insight into the process of general translational repression/activation during late stages of spermiogenesis.
Results

Dicer Inactivation Results in Abnormal Postmeiotic Male Germ Cell
Differentiation. To understand the mechanism of translational suppression events during germ cell maturation, we inactivated the miRNA-processing enzyme Dicer by mating Dicer-flox mice (10) with protamine 1 (Prm1)-cre mice, which express cre preferentially in haploid spermatids (Fig. 1A) (11) . Pups produced from mating Prm1-crejDicer F/FΔ (Dicer FΔ) males with wild-type control females revealed efficient recombination (albeit not 100%; Fig. S1 A-C). Because expression from the Prm1-cre transgene was observed at postnatal day 18 ( Fig. S1D) , when the first wave of round spermatids appears (12), we expected to see a discernable effect of Dicer inactivation in round spermatids. In agreement with this, Dicer expression was significantly reduced (∼75%) in Dicer FΔ compared with control mouse testis (Fig. S1 E-H) . In addition, the levels of all mature miRNAs examined were reduced in Dicer FΔ purified round spermatids (Fig. 1B) .
Next, we assessed whether Dicer inactivation in round spermatids produced any reproductive defects. Interestingly, Dicer FΔ males were subfertile, as they sired not only fewer litters but also reduced litter sizes ( Fig. 1 C and D) . The decrease in litter size was only seen in pairings between Dicer FΔ males and control females but not between control males and Dicer FΔ females, indicating the fertility defect was present in males. Dicer FΔ mice also exhibited significantly reduced epididymal sperm counts (Fig. 1E) , likely due to a testicular defect, as they also possessed significantly fewer sonication-resistant spermatids (the most differentiated spermatids; Fig. 1F ). Transmission electron microscopy (TEM) revealed additional defects in Dicer FΔ testes, including apoptotic round spermatids (Fig. 1G, Center) and the presence of mature spermatids with step 10 spermatids at stage X of the seminiferous epithelial cycle, indicating failure of sperm release (Fig. 1G, Right) . Furthermore, sperm from Dicer FΔ mice exhibited various morphogenetic abnormalities including sperm with rounded (globozoospermia) or bent heads (10.8% ± 1.5% versus 5.2% ± 0.6%) and double heads (1.0% ± 0.2% versus 0.1% ± 0.1%; Fig. 2A and Table S1 ).
As mice with even one-tenth the typical sperm number can sire litters, we surmised that other defects were present in the normalappearing sperm of Dicer FΔ mice that contributed to the compromised fertility. Because sperm chromatin compaction state is an important independent prognostic characteristic associated with fertility, we examined whether loss of Dicer activity can affect this process. To analyze chromatin compaction, sperm were acid-treated followed by acridine orange (AO) staining. Acid treatment denatures loosely compacted DNA, causing intercalated AO to fluoresce yellow/orange, whereas tightly compacted DNA will fluoresce green (13) . Interestingly, Dicer FΔ mice had increased numbers of sperm heads with yellow/orange fluorescence, many of which also exhibited abnormal morphology, indicating compromised chromatin integrity (Fig. 2B) . FACS of AO-and propidium iodide (PI)-stained sperm heads further confirmed impaired chromatin integrity in Dicer FΔ mice ( Fig. 2C and Fig. S2 B and C). Moreover, sperm head defects and abnormal chromatin compaction in Dicer FΔ mice were also recapitulated in TEM studies (Fig. 2D ). Taken together, the increased apoptosis, acrosomal defects, improper chromatin compaction, and failure in spermiation may account for the subfertile phenotype observed in Dicer FΔ males. The lack of total sterility in Dicer FΔ mice is possibly due to incomplete cre-lox recombination, resulting in residual Dicer expression (Fig. S1 D-H) . Dicer expression from spermatids that escaped recombination may partially compensate for Dicer loss (through cytoplasmic bridges). The residual level of Dicer ( Fig. S1 E-H) may be sufficient for Dicer FΔ males to maintain some fertility.
Impaired Translational Activation of Germ Cell Transcripts in Dicer FΔ Mice. To explore the mechanism underlying compromised spermatid differentiation and chromatin integrity observed in QRT-PCR on total RNA from purified round spermatids using primers listed in Table S3 . Expression normalized to Snora74a. (C and D) Litter number (n = 12; *P < 0.05) and size (n = 12; ***P < 0.0005) from 8-wk timed matings.
(E and F) Caudal epididymal sperm count (n = 11; ***P < 0.0005) and sonication-resistant spermatid (SRS) count (n = 6; ***P < 0.0005). Dicer FΔ mice, we examined the expression levels and patterns of testicular basic nuclear proteins: transition proteins and protamines. These proteins ensure proper chromatin condensation in differentiating spermatids (14) , the disruption of which leads to compromised fertility (3, 15) . Surprisingly, although expression levels and processing were unaffected ( Fig. S3 A and B) , Dicer FΔ testis sections showed mosaic expression patterns of Prm1 in elongating spermatids (Fig. 3A) . This is interesting, as mosaic expression indicating impaired protamine translational activation was also reported in Dicer-interacting protein TRBP knockout mice (4). Because many postmeiotic germ cell transcripts are stored for up to a week after transcription in translationally inert mRNPs, we hypothesized that impaired protamine translational activation may be due to altered cytoplasmic distribution of protamine mRNAs. We used sucrosegradient centrifugation to examine the levels of protamine mRNAs in RNP, monosome, and polysome subcellular fractions, identified based on the presence of ribosomal protein S6, a component of the 40S ribosomal subunit (Fig. S3C ) (16) . Quantitative (Q)RT-PCR analyses of fractionated Dicer FΔ total testis lysates revealed a shift of Prm1 and Prm2 mRNA away from polysome into RNP/40S fractions ( Fig. 3 B and C) . These findings suggest that altered translational activation of protamine in Dicer FΔ mice may be due to increased sequestration of mRNA into translationally inert complexes, resulting in their inaccessibility to the translational machinery. To our surprise, in addition to protamine, other haploid germ cell-specific mRNAs (Dbil5 and Acrv1), but not pachytene-(Sycp3) or Sertoli-specific (Rhox5) mRNAs, showed increased sequestration away from polysomes into RNP/40S in Dicer FΔ mice (Fig. 3 D and E and Fig. S3 D and E) , suggesting miRNA-dependent regulation is a part of a more general control mechanism during postmeiotic germ cell differentiation.
Loss of miRNA-Dependent Regulation of Actin-Associated Protein Arpc5 Impairs Protamine Translational Activation. To address the underlying mechanism of altered haploid germ cell mRNA distribution, we performed gene expression analysis on testes from control and Dicer FΔ mice. Among the genes with altered expression in Dicer FΔ mice, we were primarily interested in those that showed up-regulation and contained predicted binding sites for miRNAs with testis-preferential or -specific expression, as they may be direct targets of these miRNAs in postmeiotic germ cells. We focused on one such gene: actin-related protein Arpc5, a subunit of the actin-nucleating Arp2/3 complex (8), which showed significantly higher expression in Dicer FΔ germ cells (Table S2) . Actin-associated proteins are known to be a part of mRNPs and have well-documented roles in mRNA transport and localized translation (17) . Furthermore, the Arpc5 3′ UTR is predicted to contain binding sites for miR-22/883a-5p (Fig. 4A) , two miRNAs preferentially expressed in testicular germ cells (18) that show highly reduced expression in Dicer FΔ haploid germ cells (Fig.  1B) . To determine whether miR-22/883a-5p are bona fide regulators of Arpc5, we cotransfected luciferase-Arpc5 3′ UTR reporters with miR-22/883a-5p mimics. Luciferase activity was significantly reduced by the miRNA mimics (Fig. S4A) , suggesting that Arpc5 expression is regulated by binding sequences within its 3′ UTR. We further substantiated these findings by determining the effect of the miRNA mimics on endogenous Arpc5. Western blot analyses revealed that exogenous expression of the miRNA mimics resulted in reduced levels of Arpc5 protein (Fig. 4B ). In addition, Arpc5 mRNA levels also decreased in mimic-transfected cells (Fig. 4C) , indicating that these miRNAs regulate Arpc5 expression at both the mRNA and protein levels. Next, to examine whether Arpc5 has a role in regulating protamine mRNA compartmentalization, we identified the subcellular localization of Arpc5 protein in testicular cells. RNP capture assay revealed that Arpc5 was not only exclusively enriched in RNP fractions but was also associated with poly(A) RNA (Fig. 4D) . To determine whether Arpc5 is part of the protamine-mRNP complex, we performed RNA electrophoretic mobility shift assay (RNA-EMSA) using Prm1 3′ UTR 69-152 as the template, as several proteins bind to regulatory sites in this region (4, 19) . In vitro transcribed, radiolabeled probe produced a protein-RNA complex with recombinant Arpc5 whereas cold competition with excess unlabeled probe competed out this complex (Fig. 4E, lanes 3 and 4) , suggesting the Arpc5-Prm1 interaction is specific. RNA-EMSA supershift against Arpc5 further confirmed the Arpc5-Prm1 interaction (Fig. S4B, lane 4, arrowheads) . To determine whether this interaction had any regulatory significance, we performed reporter assay on cells expressing luciferase-Prm1 3′ UTR in the presence of Arpc5. Interestingly, Arpc5 overexpression resulted in significantly reduced luciferase activity from the reporter construct (Fig. 4F) , suggesting that Arpc5 suppressed protamine translation by sequestering protamine mRNA away from polysomes. Importantly, reporter mRNA levels were not affected, suggesting that Arpc5-dependent regulation does not occur at the level of mRNA turnover.
Arpc5 Is a Broadly Acting Translational Suppressor. Because germ cell transcripts were sequestered away from polysome fractions in Dicer FΔ mice and Arpc5 is highly expressed in somatic cells (20) , we hypothesized that Arpc5 may be a broadly acting translational suppressor. Interestingly, similar to germ cells, Arpc5 overexpression in somatic cells also resulted in increased sequestration of RNA away from polysomes into RNP/40S fractions (Fig. 5A) . Consistent with this, S6 shifted from polysomes into RNP/monosome fractions in cells overexpressing Arpc5 (Fig. 5B) . Additional evidence that Arpc5 may function to suppress translation is provided by decreased rates of [
35 S]methionine incorporation in cells overexpressing Arpc5 (Fig. 5C ). To further establish that Arpc5 directly functions in translational suppression, we asked whether it repressed translation in vitro. Addition of increasing concentrations of recombinant Arpc5 to reporter mRNA-programmed rabbit reticulocyte lysate (RRL) significantly reduced luciferase activity in a dose-dependent manner (Fig. 5D) . Importantly, the translational suppression activity was not due to destabilization of luciferase mRNA (Fig.  5E) . These results suggest that Arpc5 may be involved in ratelimiting steps to determine the fate of localizing mRNA.
Arpc5 Inhibits 80S Formation. Translation initiation can be broadly divided into three steps. The first step requires association of eukaryotic translation initiation factor (eIF)4F with the cap structure. Second, eIF4F recruits the 43S preinitiation complex (which includes 40S), resulting in the 48S preinitiation complex. Finally, the 48S preinitiation complex scans for the AUG start codon, and upon binding recruits the 60S ribosomal subunit to form the 80S ribosome. To gain insight into the specific step at which Arpc5 may be affecting translation, RRL (with the addition of Arpc5) was programmed with radiolabeled luciferase reporter mRNA in the presence of two translational inhibitors: cycloheximide (CHX), which allows for the assembly of the 80S but blocks translation elongation (21) , and GMP-PNP, which blocks recruitment of the 60S and causes accumulation of the 48S on mRNAs (22) . Interestingly, addition of recombinant Arpc5 reduced CHX-mediated 80S accumulation and instead caused accumulation of 48S (Fig. 5F ). Consistent with this, Arpc5 exhibited no effect on GMP-PNP-induced 48S accumulation (Fig. 5G) . These results suggested that Arpc5 represses translation in vitro by inhibiting the ability of 80S to form on mRNA.
Arpc5 Colocalizes with Chromatoid/P-Body Components. Nontranslating mRNAs have been reported to assemble into mRNPs that accumulate within P bodies. Because Arpc5 binds to mRNA in RNP fractions and suppresses translation, we reasoned that Arpc5-associated mRNA may accumulate in P bodies. Supporting this notion, endogenous (Fig. S5) as well as ectopically expressed Arpc5 (Fig. 6A) colocalized with P-body component GW182. To further substantiate these results, we performed colocalization studies with P-body component DCP1A in cells ectopically expressing MS2-YFP fusion protein and MS2 transcript in the presence of Arpc5. Whereas no colocalization was observed in vector-transfected cells, Arpc5 overexpression resulted in MS2-YPF/DCP1A colocalization, suggesting that Arpc5 mediates the transport of MS2-YFP-tagged MS2 transcripts to P bodies ( Fig. 6 B and C). Similar to P bodies, Arpc5 also colocalized with GW182 in chromatoid bodies, germ cell cytoplasmic foci that are compositionally and functionally analogous to P bodies (Fig. 6D) . Taken together, these results suggest that Arpc5 is a translational regulator that facilitates movement of translationally inert mRNAs into chromatoid/P bodies.
Discussion
Subcellular localization of mRNAs coupled with localized translation is an important posttranscriptional mechanism that controls faithful spatial and temporal protein synthesis. This is largely accomplished by the packaging of mRNAs into mRNP particles that function to transiently silence translation during transport (17) . This regulatory step is especially critical during meiotic and postmeiotic germ cell maturation, when transient translational suppression of mRNAs ensures proper development of differentiating germ cells (1, 2) . Although individual components implicated in the localization and translation of specific proteins have been identified (17) , a broadly acting control mechanism coordinating translational suppression and mRNP assembly with mRNA transport remains unclear. In this study, we established that the interaction between miRNAs and actin-associated protein Arpc5 sets the stage for the uncoupling of transcription and translation during postmeiotic male germ cell maturation. Our studies reveal that miRNA-dependent regulation of Arpc5, which acts as a translational suppressor, is crucial in this process. We show that Arpc5 colocalizes with chromatoid/P-body component GW182 and inhibits translation initiation by blocking 80S formation, leading to sequestration of mRNAs into translationally inert complexes.
Our results suggest that the miRNA-mediated, mRNA-specific, and Arpc5-dependent broadly acting translational control mechanisms create a robust translational regulation system essential for proper germ cell differentiation. Because most translationally suppressed mRNAs in germ cells are overrepresented, it is conceivable that global translational suppression may be necessary to prevent the deleterious effects of protein overproduction (2), whereas miRNA-specific translational suppression may provide an additional layer of safeguard control by finetuning the expression of individual overrepresented mRNAs. In addition, translational fine-tuning may facilitate the turnover of specific key molecules required for regulating a wide range of downstream events. Consistent with this, we show that miR-22/ 883a-5p-mediated regulation of Arpc5 is critical for controlling the expression of genes known to be involved in chromatin remodeling during haploid germ cell differentiation (3, 15 ). Another possibility is that mRNA-specific translational control can regulate a cell's ability to respond to extracellular cues, such as Sertoli cell-or androgen-dependent signaling during postmeiotic germ cell differentiation (23, 24) . In addition, our results describing the generality of Arpc5 translational regulation suggest that similar to germ cells, the miRNA/Arpc5-mediated bimodal translational suppression mechanism may also be critical for restricting the precocious translation of proteins in somatic cells (17) .
A considerable body of evidence shows that actin-associated proteins are intimately involved in mRNA transport and localized protein synthesis. Because localizing mRNAs must be transported as translationally silenced mRNPs (17), our results showing Arpc5 interaction with mRNAs in mRNPs and its role as a translational suppressor suggest that in addition to being the regulators of mRNA transport, actin-associated proteins may be actively engaged in blocking premature translation during transport. One possible mechanism for Arpc5-mediated translational suppression is that Arpc5 facilitates the assembly of a repressor complex that sequesters mRNAs into translationally inert mRNPs and therefore precludes accessibility to translational machinery (Fig. S6) . Consistent with this, our results show that Arpc5 colocalized with GW182 in chromatoid/P bodies. It is likely that association of Arpc5-containing mRNPs with chromatoid/P bodies may further facilitate the aggregation of repressor complexes, resulting in more quiescent and translationally inert mRNPs.
An alternative mechanism could be that Arpc5 competitively binds with factors that promote 60S joining or recruit corepressors that inhibit 80S formation. Examples of such repressors include GW182, which interacts with poly(A)-binding protein PABC1 and interferes with the ability of PABC1 to stimulate 80S formation (25) . Furthermore, translational repressors (such as ZBP1 and Puff) have been shown to block 60S joining by competitively binding to eIF5B (Fig. S6) (26, 27) . Future studies aimed at identifying Arpc5-interacting proteins in germ/somatic cells will likely reveal the molecular composition and specific physiological cues required for promoting Arpc5-mediated translational suppression.
In summary, our findings suggest that miRNA-dependent regulation of Arpc5 plays an important role in ensuring that protein synthesis occurs in a timely manner and is restricted to target destinations in mammalian cells. The role of Arpc5 as a regulator of mRNA distribution into translationally active and inactive pools suggests that subtle alterations in the regulation (i.e., miRNA-dependent) of key molecules (such as Arpc5) have significant consequences in deciding the fate of mRNAs. Our study highlights a unique posttranscriptional role for actin-associated proteins known to be intimately involved at various levels of gene regulation, including chromatin remodeling, transcription, mRNA transport, and localized translation (17) .
Materials and Methods
Animals, Genotyping, and Reproductive Phenotype Analyses. Animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with the approval of the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio. Eight-week timed matings, caudal sperm count, and sonication-resistant spermatid count were conducted as previously described (28) .
Elutriation and RNA/Protein Analyses. Elutriation and RNA/protein analyses have been previously described (28, 29) .
General Methods. Other general methods are described in detail in SI Materials and Methods.
Statistical Analyses. All values and error bars in graphs are means ± SEM; respective n values are indicated in the figure legends; P values were determined by two-tailed Student's t tests.
